Fibroblast activation protein (FAP) is a cell-surface serine protease highly expressed on cancer-associated fibroblasts of human epithelial carcinomas but not on normal fibroblasts, normal tissues, and cancer cells. We report herein a novel FAP-triggered photodynamic molecular beacon (FAP-PPB) comprising a fluorescent photosensitizer and a black hole quencher 3 linked by a peptide sequence (TSGPNQEQK) specific to FAP. FAP-PPB was effectively cleaved by both human FAP and murine FAP. By use of the HEK293 transfected cells (HEK-mFAP, FAP + ; HEK-vector, FAP -), systematic in vitro and in vivo experiments validated the FAP-specific activation of FAP-PPB in cancer cells and mouse xenografts, respectively. FAP-PPB was cleaved by FAP, allowing fluorescence restoration in FAP-expressing cells while leaving non-expressing FAP cells undetectable. Moreover, FAP-PPB showed FAP-specific photocytotoxicity toward HEK-mFAP cells whereas it was non-cytotoxic toward HEK-Vector cells. This study suggests that the FAP-PPB is a potentially useful tool for epithelial cancer detection and treatment.
Introduction
Desmoplasia is stromal fibroblastic proliferation, which commonly contributes approximately 20-50% of the tumor mass. 1, 2 This reactive stroma includes inflammatory cells, blood vessels, extracellular matrix, connective tissues, and proliferating stromal fibroblasts. 3, 4 The last, also called cancer-associated fibroblasts (CAFs a ), plays a critical role in the tumor microenvironment by providing growth factors and proteases contributing to tumor initiation, invasion, and metastasis. [5] [6] [7] To understand the actual functions of CAFs, a series of studies comparing the effect of normal fibroblasts and CAFs have been carried out in different animal models. 8, 9 It was revealed that while the function of normal fibroblasts is to maintain epithelial homeostasis, CAFs could initiate and promote tumorigenic transformation of epithelial cells. CAFs may also communicate by autocrine mechanism with cancer cells, resident epithelial cells, and inflammatory cells through the secreted growth factors and chemokines. 5 Although the mechanisms and functions of CAFs are not fully understood, they are promising therapeutic targets in cancer. A highly consistent and specific characteristic of CAFs is the induction of fibroblast activation protein.
Fibroblast activation protein (FAP), which is a cell surface glycoprotein belonging to the serine protease family, is expressed by the CAFs in over 90% of human epithelial cancers including breast, ovarian, bladder, colorectal, and lung cancers, but it is not expressed in epithelial cancer cells, normal fibroblasts, and other normal tissues except the transient expression in healing wounds. [10] [11] [12] FAP exhibits both gelatinese and collagenase activities capable of degrading gelatin and unwound or denatured type I collagen, respectively. [13] [14] [15] In addition, it acts as a post-prolyl peptidase such as dipeptidyl peptidase IV (DPPIV) that can cleave N-terminal dipeptides with penultimate proline. 13, 16 It also functions as an endopeptidase that can break the Pro-Asn bond of R 2 -antiplasmin and peptide substrates. [17] [18] [19] FAP plays an important role in tumor growth and metastasis, as its expression on CAFs may create an environment permissive for cancer growth and invasion via collagenase and dipeptidyl peptidase activities. 16, [20] [21] [22] [23] Because FAP expression has been consistently reported in more than 90% of all epithelial carcinoma and tumor stroma should be rich in FAP, FAP has emerged as an important biomarker and potential therapeutic target for the detection and treatment of epithelial cancers.
Several phase I trials and a limited phase II trial have been conducted using an unconjugated sibrotuzumab, which is a humanized version of the murine anti-FAP monoclonal antibody (mAb) F19. [24] [25] [26] Sibrotuzumab was well-tolerated and safe for patients with advanced FAP-expressing cancers. An imaging study in colorectal carcinoma and non-small-cell lung carcinoma patients using the 131 iodine-labeled sibrotuzumab has revealed that sibrotuzumab specifically accumulated in tumors but not in normal tissues 24-48 h after administration. Although safe administration has been shown, no clinical tumor responses have been observed by treatment with this unconjugated mAb, and the antibodies did not inhibit FAP enzymatic activity. It remains plausible that FAP-specific reagents such as sibrotuzumab conjugated to toxic agents may effectively target and kill tumors while sparing normal tissues. More recently, the small molecule inhibitor of FAP, Val-boro-Pro (called talabostat or PT-100), has been shown to attenuate and inhibit tumor growth in a variety of tumor models in mice. 23, 27 Clinical phase II trials using talabostat with or without chemotherapy in stage IV melanoma patients demonstrated clinical responses. [28] [29] [30] However, similar phase II trial in metastatic colorectal cancer patients showed only minimal clinical activity. 31 Our group has recently introduced photodynamic molecular beacons that comprised a disease-specific linker, a photosensitizer (PS), and a fluorescence and singlet oxygen ( 1 O 2 ) quencher (Q). 32, 33 The intact photodynamic molecular beacons are nonfluorescent and noncytotoxic because of energy transfer from the excited PS to Q. Upon activation by the target molecule (e.g., tumor-specific protease), the linker will be cleaved, which allows the separation of PS and Q. Upon irradiation, this leads to fluorescence emission restoration and 1 O 2 generation. Therefore, photodynamic molecular beacons offer a control of fluorescence emission and 1 O 2 generation of PS in response to specific cancer target activation. On the basis of this principle, we have designed a new photodynamic molecular beacon for the imaging and treatment of FAP-expressing cancers by targeting FAP on CAFs. The design, preparation, and functional evaluation of this beacon, as well as its in vitro and in vivo validation of FAP specificity, are reported herein.
Materials and Methods
General Materials. The activating agents 1-hydroxybenzotriazole (HOBt) and o-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) and the black hole quencher 3 carboxylic acid succinimdyl ester (BHQ3-NHS) were received from Acros, Sigma-Aldrich, and Biosearch Technologies, respectively, and used without further purification. The Sieber amide resins and all the 9H-fluoren-9-ylmethoxycarbonyl (N-R-Fmoc)-protected amino acids were purchased from Novabiochem.
General HPLC Methods. Reverse-phase analytical HPLC experiments were performed on a XBridge-C18 column (2.5 µm, 4.6 mm × 50 mm) using a Waters 2695 controller with a 2996 photodiode array detector and a Waters ZQ mass detector. The conditions were as follows: solvent A ) acetonitrile; solvent B ) 0.1% trifluoroacetic acid (TFA); gradient, from 40% A + 60% B to 50% A + 50% B in the first 5 min, then to 80% A + 20% B in 30 min and further to 100% A for 5 min, finally to 40% A + 60% B for 5 min; flow rate, 0.5 mL min -1 . 
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The pyropheophorbide a acid (Pyro) was prepared according to literature procedure. 35 After the last Fmoc group had been removed from the peptide-resin 1 with 20% piperidine in DMF, the resin was washed with DMF. Pyro was then added to couple to the N-terminal threonine of the peptide-resin with the aid of HOBt and HBTU (Pyro/HOBt/HBTU/peptide ) 3:3:3:1 mole ratio). The mixture was shaken under argon overnight at room temperature. The dark-green resin was washed with DMF and CH 2 Cl 2 followed by drying in vacuum. A portion of 2 was treated with 95% TFA and 5% Tis. After removal of the solid support by filtration, the filtrate was subjected to HPLC to validate that the Pyro coupling efficiency is over 95%. where F corr and F obs are the corrected and observed fluorescence and OD ex and OD em correspond to the absorbance at the excitation and emission wavelengths, respectively. Their quenching efficiencies were also compared in buffer solution (0.12 M NaCl, 0.12 M Tris, pH 7.37), in which 2.5 µL of DMSO and 0.5 µL of Tween-80 were used to dissolve the FAP-PPB and FAP-PP before the addition of buffer solution.
Synthesis of Pyro-T(
The data for FAP-PP could also be analyzed using the Stern-Volmer equation (F 0 Activation of FAP-PPB by Human FAP and Murine FAP in Buffer. Murine FAP (mFAP) was produced and purified according to the literature procedure, 22, 23 while human FAP was purchased from Biomol International LP. FAP-PPB (1 nmol) was first dissolved in 2.5 µL of DMSO and 0.5 µL of Tween-80. The solution was diluted with 1 mL of buffer solution (0.12 M NaCl, 0.12 M Tris, pH 7.37), which was then incubated with human FAP or mFAP (2 µg) (ratio of PPB to FAP was about 50:1). The fluorescence emission of FAP-PPB was monitored in real time at 37°C by a HORIBA FluoroMax-4 spectrofluorometer with an excitation wavelength at 650 nm and emission at 675 nm. The cleavage of 2D-FAP-PPB was also performed under the same conditions. The cleavage rate of FAP-PPB was also determined by HPLC-MS every 30 min until a complete cleavage was observed.
Stability of FAP-PPB toward Dipeptidyl Peptidase IV (DPPIV) and Matrix Metalloproteinases (MMPs). FAP-PPB (1 nmol) was first dissolved in 2.5 µL of DMSO and 0.5 µL of Tween-80. It was then diluted with 1 mL of buffer solution. [For MMPs: 50 mM HEPES, 10 mM CaCl 2 , 0.5% Brij-35, pH 7 (or pH 6 for MMP3). For DPPIV: 20 mM Tris, pH 7.5.] DPPIV and MMP (purchased from Biomol International LP) were then added, and it was incubated at 37°C for 2 and 16 h, respectively (PPB/DPPIV ) 228:1; PPB/MMP ) 50:1). The FAP-PPB solutions were subjected to HPLC-MS analysis. The enzymatic activities of DPPIV and MMPs (including MMPs 1, 2, 3, 7, 8, 9, 10, 11, 12, and 13) toward PPB were examined.
Stability of FAP-PPB in Plasma and Serum. Plasma and serum were separated from mice blood by centrifugation methods. FAP-PPB (1 nmol) was first dissolved in 2.5 µL of DMSO and 0.5 µL of Tween-80. It was then incubated with 1 mL of either serum or plasma at 37°C over 26 h and finally examined by HPLC.
mFAP Activity Assay. The enzymatic activity of mFAP was monitored by measuring the fluorescence emission of FAP-PPB continuously upon the addition of mFAP. Excitation and emission wavelengths of 650 and 675 nm, respectively, were used to monitor the liberation of Pyro fluorophore peptide cleavage fragment. First, FAP-PPB (0.1, 0.3, 0.5, 0.7, 1, 2, and 6 nmol) was dissolved in 2.5 µL of DMSO and 0.5 µL of Tween-80. It was then diluted with 1 mL of buffer solution (0.12 M NaCl, 0.12 M Tris, pH 7.37) and incubated with mFAP (2 µg) at 37°C. After 1 h, excess mFAP (10 µg) was added and the mixture was monitored for a further 2 h. Assays containing different concentrations (0.1, 0.3, 0.5, 0.7, 1, 2, and 6 µM) of FAP-PPB were done in triplicate using the same amount of mFAP (2 µg). By use of the initial data (10% of the substrate was depleted), kinetic parameters including maximum enzymatic rate (V max ), Michaelis constant (K m ), catalytic constant (k cat ), and k cat /K m ratio were calculated from the Michaelis-Menten plots (υ o versus [S]) with a nonlinear regression analysis using the program SPSS (Statistical Package for the Social Sciences, version 15).
Cell Lines and Culture Conditions. The human embryonic kidney cell line HEK293 (American Type Culture Collection) was stably transfected with full-length wild-type mFAP (HEK-mFAP) and empty vector (HEK-vector), respectively. 23 These transfected About 7 × 10 5 cells in the culture medium (2 mL) per well were inoculated in six-multiwell plates and incubated for 2 days at 37°C in an atmosphere of 5% CO 2 in a humidified incubator. The medium was removed, and the cells were rinsed with PBS. The cells were then incubated overnight with 1 mL of DMEM (without FBS) at 37°C under 5% CO 2 . The FBS-free medium was removed and kept for the preparation of FAP-PPB solution. The cells, after being rinsed with PBS, were incubated with 0.8 mL of the FAP-PPB solution (6.25 µM) for 1, 2, 4, 6, and 24 h, respectively, at 37°C under 5% CO 2 . The FAP-PPB solutions were then removed and kept for HPLC-MS measurement. The cells were then transferred to a 15 mL centrifuging tube with 2 mL of PBS. The cells were centrifuged at 1300 rpm for 6 min, and the PBS was removed. This rinsing procedure was repeated 3 times. The cells were then fixed by 2% paraformaldehyde solution for 10 min. After fixing, the cells were centrifuged and rinsed with PBS 2 times. The fluorescence intensities of the cells were measured by a Cytomics FC 500 series flow cytometry system from Beckman Coulter (excitation, 633 nm; emission, 660-690 nm). Autofluorescence from the untreated cells is minimal. The maximum cell number count was 10 000 for all samples.
Confocal Microscopic Studies. FAP-PPB (5 nmol) and 2D-FAP-PPB (5 nmol) were first dissolved in 1.0 µL of DMSO and 0.5 µL of Tween-80. The solutions were then diluted with the culture medium (0.2 mL) previously used for cell incubation to give a 25 µM PPB solution. About 1.5 × 10 4 cells in the culture medium (0.5 mL) per well were seeded in Nunc Laboratory-TekII-CC2 eight-chambered slides and incubated for 2 days at 37°C under 5% CO 2 . The medium (with FBS) was removed, and the cells were rinsed with PBS and incubated overnight with 0.3 mL of DMEM (without FBS) at 37°C under 5% CO 2 . The FBS-free medium was removed and kept for the preparation of the above PPB solution. The cells were then incubated with 0.2 mL of the PPB solution (25 µM) for 6 h at 37°C under 5% CO 2 . The PPB solution was removed and kept for HPLC-MS measurement. The cells were fixed with 3% formaldehyde in PBS (0.5 mL per well) for 20 min at dark. After the cells were fixed, the chamber was removed and 10 µL of mounting solution with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc.) was added to each well. The cells were finally covered by a cover slide and subjected to microscopic studies using an Olympus FluoView 1000 laser scanning confocal microscope equipped with a 405 nm diode laser and a 633 nm helium neon laser.
Mouse Xenografts and in Vivo Imaging. All animal studies were following protocols approved by the Institutional Animal Care Committee. Twelve adult athymic female nude mice were inoculated with 1 × wavelength ) 650 nm, emission wavelength g 700 nm, exposure time of 200 ms, total fluorescence signals normalized by exposure time and ROI area (total signal/(ms · mm 2 ))]. Following the same procedures, HT29 mouse xenografts were also used, which express FAP on the stromal fibroblasts instead of cancer cells. 23, 25 After the in vivo images were taken, the HT29 tumor was taken out and underwent microscopic study as described below.
Ex Vivo Validation Studies. After in vivo imaging studies, the animals were euthanized at 24 h post-injection. Tumors were harvested and subjected to the following assays.
(A) Western Blot Analysis. Protein was extracted from snap frozen tumor tissue by homogenizing tissue fragments in an icecold lysis buffer (50 mM HEPES, pH 8.0, 10% glycerol, 0.5% Triton X-100, 150 mM NaCl, 2 mM EGTA, 1.5 mM MgCl 2 , supplemented with 10 µg/mL leupeptin, 10 µg/mL aprotinin, 100 µg/mL phenylmethylsulfonyl fluoride, and 1 mM sodium orthovanadate) for 30 s. All lysates were centrifuged at 14 000 rpm for 10 min, and the supernatant was stored at -70°C prior to subsequent analyses. To perform immunoblotting, lysates containing 30 µg of protein were resolved on an SDS-polyacrylamide gel (PAGE) and transferred onto polyvinylidene difluoride (PVDF) or nitrocellulose membrane. Membranes were blocked with Tris buffered saline (TBS) containing 1% Roche blocking reagent (Roche). The membrane was incubated with primary antibody (rabbit anti-mouse FAP, 6E1) (1:1000 dilution) overnight at 4°C in blocking solution. Membranes were washed 3 times for 5 min each in TBS containing 0.1% Tween-20 and incubated with secondary HRP-linked anti-rabbit antibody for 1 h at room temperature. Equal protein loading was confirmed by reprobing the blot with antibody against GAPDH. Proteins were visualized using enhanced chemiluminescence (ECL) reagents (Roche-Boehringer Mannheim) and Typhoon 9410 variable mode imager (Amersham).
(B) Confocal Microscopic and Immunohistochemistry Studies. HEK-mFAP and HEK-vector tumors from nude mice were snap-frozen in liquid nitrogen and stored at -70°C. Frozen sections of 10 µm thickness were cut on a Leica CM3050S cryostat. The slides were taken out at room temperature for 5 min, and then they were immersed in PBS for another 5 min. The slides were dried, and 4 µL of mounting solution with DAPI was added. The sections were covered by a cover slide and subjected to microscopic study. Parts of frozen sections were stained with hematoxylin and eosin (H&E staining) for immunohistochemistry studies.
(C) HPLC-MS Studies. The excised HEK-mFAP and HEKvector tumors were homogenized and extracted with DMSO. After being centrifuged, tumor extracts were subjected to HPLC-MS analysis following the general HPLC methods described earlier.
In . An illumination of 16 s led to a total fluence of 2 J cm -2 . Cell viability was determined by means of the colorimetric MTT assay. 37 After illumination, the cells were incubated at 37°C under 5% CO 2 overnight. The medium was removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Invitrogen) solution in medium (3 mg mL -1 , 50 µL) was added to each well followed by incubation for 2 h under the same environment. A solution of sodium dodecyl sulfate in 0.1 M HCl (10% by weight, 100 µL) was then added to each well. The plate was incubated in an oven at 60°C for 30 min, and then 80 µL of isopropanol was added to each well. The plate was agitated on a Spectra Max Plus microplate reader (Molecular Devices Corporation) for 5 s before the absorbance at 570 nm at each well was taken.
Results
Design and Preparation of FAP-PPB and Its Controls FAP-PP and 2D-FAP-PPB.
We designed the first prototype FAP-triggered photodynamic molecular beacon based on the following principles: (1) For the FAP-specific linker, a short peptide sequence, TSGP-NQEQK with the cleavage site between Pro and Asn, was selected because FAP cleaves this peptide sequence based on the FAP-specific cleavage site in R 2 -antiplasmin and its fluorogenic substrate has been used to characterize FAP's endopeptidase specificity in solutions. 17 (2) For Pyro as the photosensitizer (PS), Pyro was selected because of its near-infrared fluorescent emissions (670 and 720 nm), excellent 1 O 2 quantum yield, and its ability to deliver peptides or oligonucleotides into cancer cells. 38 32 On the basis of this design, we have synthesized the Pyro-TSGPNQEQK(BHQ3) (FAP-PPB) following the synthetic scheme shown in Figure 1A . First, the peptide sequence 1 was synthesized following the Fmoc solid phase peptide synthesis (SPPS) protocol using a PS3 peptide synthesizer. The Fmoc protecting group was then removed by 20% piperidine in DMF and the Pyro was conjugated to the N-terminal of peptide. The Pyro-peptide resin 2 was then treated with 3% TFA to remove the Mtt protecting group at the lysine allowing the subsequent coupling with BHQ3. Finally, all the remaining protecting groups on the peptide were removed by TFA with 5% Tis. The ). The HPLC chromatogram and the absorption and mass spectra of FAP-PPB are shown in Figure 1B -D. Following similar protocols, two controls including the quencherless FAP-PP as the positive control and the 2D-FAP-PPB as the FAP noncleavable control were synthesized. The latter, which had its amino acids at the cleavage site (Pro and Asn), was replaced with the corresponding D-amino acids to resist the FAP-specific cleavage. The main variation of the synthetic protocol for 2D-FAP-PPB is that the coupling reaction time for the D-amino acids was longer (3 h vs 1 h). The characterization spectra of 2D-FAP-PPB are given in the Supporting Information ( Figure S1 ).
Quenching Efficiency of FAP-PPB. The fluorescence intensity of FAP-PP with different concentrations of free BHQ3 and the intact FAP-PPB in DMSO and FAP buffer solutions was compared (Supporting Information, Figure S2 ). Increasing the ratio of external quencher BHQ3 to FAP-PP led to the decreased FAP-PP fluorescence, and this effect was more prominent in the buffer solution than in DMSO. However, the quenching efficiency of external BHQ3 is much lower than that in FAP-PPB, in which BHQ3 is covalently linked. About 98% of fluorescence emission was quenched in FAP-PPB in both solutions. The quenching data of FAP-PP by free BHQ3 were further analyzed using the Stern-Volmer equation and the Stern-Volmer plots for both solutions as given in Figure S3 (Supporting Information). In DMSO, the Stern-Volmer plot has a linear relationship giving a high quenching constant (K SV ) 5.3 × 10 4 mol -1 dm 3 ), validating the choice of BHQ3 as an excellent quencher for Pyro fluorescence. However, in the buffer solution, the plot shows an upward curvature suggesting that the Pyro's fluorescence is quenched by both dynamic and static quenching mechanisms.
Validation of FAP-Triggered Cleavage of FAP-PPB.
To evaluate the specificity of FAP-PPB toward FAP, the interactions of FAP-PPB and the negative control 2D-FAP-PPB with human FAP and murine FAP (mFAP) were first studied in a buffer solution at 37°C by fluorescence spectroscopy. mFAP was included in our studies to demonstrate a robustness of the results, as it shares an 89% amino acid sequence identity with human FAP including a perfectly conserved catalytic triad. 14, 41 In addition, mFAP transfected cancer cells and mouse xenografts have been well established as useful models for the studies of FAP enzymatic activity and its role in tumor growth as well as the therapeutic property of FAP inhibitors. 22, 23 FAP-PPB showed an increase in Pyro fluorescence upon addition of either human FAP or mFAP (2 mol%), while no noticeable fluorescence increase was observed with 2D-FAP-PPB (Figure 2A ). Complete cleavage of FAP-PPB by mFAP resulted in a 200-fold fluorescence increase with a complete fluorescence restoration (i.e., the final fluorescence intensity was the same as that of a 1:1 molar ratio mixture of FAP-PP and free BHQ3). The results clearly suggest that both human FAP and mFAP are able to cleave the peptide linkage of FAP-PPB with similar enzymatic activity and at the site between Pro and Asn. The cleavage rate of FAP-PPB by mFAP was quantitatively monitored by HPLC. The cleavage process was completed in 4 h. Figure 2B shows the HPLC profile of FAP-PPB after 1 h of incubation with mFAP. Two fragments peaks at 17.97 min and at 2.42 min were identified as the Pyro-containing fragment, Pyro-TSGP-COOH, and the BHQ3-containing fragment, NQEQK-BHQ3, respectively. This result was based on their characteristic absorptions (Pyro, Soret band at 414 nm; BHQ3, broad peak around 658 nm) and mass spectroscopic analysis (m/z calcd for Pyro-TSGP-COOH [M] + 877.00, found 877.68). Similar HPLC results were obtained with cleavage of FAP-PPB by human FAP. To the best of our knowledge, this is the first report of a direct comparison of the enzymatic activities of human FAP and mFAP in solution, suggesting that mFAP is a valid model of human FAP for studying the FAP-PPB activation in vitro and in vivo.
To further examine the specificity of FAP-PPB toward FAP, FAP-PPB was incubated with dipeptidyl peptidase IV (DPPIV), which belongs to the same prolyl oligopeptidase family as FAP and is capable of cleaving N-terminal dipeptides after a proline residue. DPPIV has a 48% amino acid identity with FAP and is widely expressed in normal tissues. 12 No significant increase in fluorescence intensity was observed over 2 h, and HPLC analysis showed only a single peak corresponding to the intact FAP-PPB ( Figure S4 in the Supporting Information). In addition to DPPIV, a series of matrix metalloproteinases (MMPs) were also used to screen the specificity of FAP-PPB. MMPs play an important role in various physiological and pathological processes such as angiogenesis, tissue remodeling, cancer growth, and metastasis. [42] [43] [44] Furthermore, many MMPs share similar biological and proteolytic functions as FAP. In particular, MMP1, MMP8, and MMP13 are collagenases while MMP2 and MMP9 are gelatinases. 42 Different MMPs (including MMPs 1,  2, 3, 7, 8, 9, 10, 11, 12 , and 13) were incubated with FAP-PPB over 16 h followed by HPLC analysis. The results, as shown in Figure S5 in the Supporting Information, showed that none of MMPs tested can cleave FAP-PPB. All these data together suggest that FAP-PPB is highly specific to FAP.
Recently, Lee et al. had reported that antiplasmin-cleaving enzyme (APCE) is a soluble form of FAP. Both proteins have the same molecular weight and enzymatic activity and can cleave the Pro-Asn bond of met-R 2 antiplasmin. 17 Since APCE is present to some degree in blood, the stability of FAP-PPB in plasma and serum was also examined. After 24 h of incubation with either plasma or serum, it was found that only about 20% of FAP-PPB was cleaved (data not shown), demonstrating the relative serum stability of FAP-PPB allowing for its use in vivo.
Kinetic Studies for the FAP-PPB Cleavage by mFAP. To investigate the catalytic kinetics of mFAP toward FAP-PPB, different concentrations of FAP-PPB were incubated with a constant amount of mFAP. The fluorescence intensities were monitored continuously, and their initial rates were measured. Figure 2D plots the initial rates versus the concentrations of FAP-PPB. By use of the standard Michaelis-Menten kinetic analysis, the maximum enzymatic rate (V max ) and the Michaelis constant (K m ) were found to be 36 ( 2 pmol min -1 and 1.02 ( 0.1 µM, respectively. The latter value is comparable with that for a similar substrate, which has a sulfonyl naphthyl fluorophore (EDANS) and an azobenzene (Dabcyl) acceptor linked with the same peptide sequence. 18 This suggests that the incorporation of bulky Pyro and BHQ3 does not significantly affect the binding affinity of FAP to the peptide sequence. The catalytic constant (k cat ), defined as the number of catalytic events per minute per enzyme molecule, was determined to be 1.75 min Figure 3A2 ). When 2D-FAP-PPB was used instead, no significant fluorescence was observed in both cell lines ( Figure 3A3 and Figure 3A4 ).
After incubation, the culture media was analyzed by HPLC-MS. In media from HEK-mFAP incubated with FAP-PPB, two peaks corresponding to fragments Pyro-TSGP and NQEQK-BHQ3 were identified, whereas no cleavage was observed for the 2D-FAP-PPB under the same experimental conditions. These observations confirmed that FAP-PPB is cleaved specifically by FAP-expressing cancer cells.
To quantify the fluorescence intensity of FAP-PPB in HEKmFAP and HEK-vector cells, flow cytometric studies were performed at different incubation times. The distributions and the shapes of the cells are largely homogeneous after incubation with FAP-PPB, suggesting that FAP-PPB does not have dark toxicity to both cell lines. As shown in Figure 3B , the intensity in HEK-mFAP cells at all the incubation time points (1-24 h) is much stronger than that in the non-FAP-expressing HEKvector cells. For example, the fluorescence intensity in HEKmFAP cells is about 8-fold and 13-fold compared to HEK-vector cells at 1 and 24 h of incubation, respectively ( Figure 3C ). This confirms that the Pyro fluorescence can only be detected in FAPexpressing cells but not in FAP-negative cells, suggesting that FAP-PPB is a useful tool for imaging FAP expression in cancers. We also examined the percentage of cleaved FAP-PPB remaining in the media after incubation with HEK-mFAP cells at different time points. As expected, the longer is the incubation time, the greater is the amount of FAP-PPB that was cleaved. After 24 h of incubation, approximately 70% of FAP-PPB was cleaved giving a strong fluorescence signal (data not shown).
Validation of Activation of FAP-PPB in Vivo. To evaluate the specificity of FAP-PPB in vivo, nude mice bearing HEKmFAP tumors on their left flank and HEK-vector tumors on their right flank were injected with 25 nmol of FAP-PPB directly into the tumors and were monitored continuously by in vivo fluorescence imaging. Once FAP-PPB was injected, selective localization of fluorescence could be detected immediately in the HEK-mFAP tumor while a very low level of fluorescence was seen in the HEK-vector tumor ( Figure 4A ). The fluorescence signals on both tumors were steady for the first 7 h, indicating that the activation of FAP-PPB was accomplished relatively quickly (within 5 min). After 24 h, the fluorescence signal in both tumors increased, but the signal in the HEKvector tumor was significantly lower (about half) than that in the HEK-mFAP tumor (based on the numerical data of fluorescence intensity per exposure time at the tumor site). The Western blot of tumors extracted 24 h post-injection showed that FAP was highly expressed in HEK-mFAP tumor while it was absent in HEK-vector tumor ( Figure 4B ). After homogenization of the tumors followed by extraction with DMSO, the extracted filtrates were analyzed by HPLC-MS. The results showed that FAP-PPB was cleaved in the HEK-mFAP tumor at the FAP specific cleavage site, generating the two fragments Pyro-TSGP and NQEQK-BHQ3 ( Figure 4C ), whereas no cleavage was observed in the HEK-vector tumor. In addition, confocal microscopic studies of frozen sections of tumor tissue at 10 µm showed a strong Pyro's fluorescence signal within the cytoplasm of cancer cells and fibroblasts in the HEK-mFAP tumors, while only a very weak signal was observed in the HEKvector tumor section ( Figure 4D ). All these data confirmed that FAP-PPB can be cleaved selectively and specifically in FAPrich tumors in vivo.
To further validate the in vivo FAP-specificity of FAP-PPB, a nude mouse bearing two HEK-mFAP (FAP + ) tumors was directly injected with FAP-PPB on the left flank and 2D-FAP-PPB on the right flank, and their in vivo images were monitored over 8 h. As shown in Figure 5 , immediately after the injection, the tumor injected with FAP-PPB showed an intense fluorescence signal while no fluorescence signal was detected in the tumor injected with 2D-FAP-PPB. HPLC analysis of tumor extracts 24 h post-injection showed that FAP-PPB was cleaved specifically while little non-specific cleavages were observed in 2D-FAP-PPB.
In order to confirm the in vivo activation of FAP-PPB by FAP-expressing stromal fibroblasts, a nude mouse bearing HT29 tumor (colorectal cancer) on the left flank was used for comparison because of the abundant FAP expression in the stroma of human colorectal carcinomas. 23, 25 As shown in Figure  6A , once the FAP-PPB was directly injected to the HT29 tumor, a strong fluorescence signal was observed immediately and it lasted for 24 h. Furthermore, confocal microscopic studies of HT29 tumor frozen section tissue showed bright Pyro's fluorescence signals within both cancer cells and fibroblasts ( Figure  6B ). It suggests that the FAP-PPB can also be cleaved on the stroma and then the Pyro-peptide fragments diffused to the adjacent cancer cells (reverse situation of HEK-mFAP xenograft). These data strongly supported that FAP-PPB can be cleaved selectively and specifically in FAP-rich tumors (either on stroma or cancer cells) in vivo.
Photocytotoxicity Assay of FAP-PPB. In addition to the diagnostic utility of this beacon, we also evaluated its therapeutic potential. The cell viability of HEK-mFAP and HEK-vector cells treated with FAP-PPB, FAP-PP, and 2D-FAP-PPB was investigated in the absence or presence of light ( Figure 7) . First, the formulation that we used (DMSO and Tween-80) is non-toxic to the cells. FAP-PP, which acted as a positive control, could kill both cell lines in the presence of light, while the FAP noncleavable control 2D-FAP-PPB was essentially non-cytotoxic. Importantly, FAP-PPB was noncytotoxic in the absence of light but showed significant photocytotoxicity in FAPexpressing cells but not in the HEK-vector cells. With 2 J cm -2 of light dose, 8 µM FAP-PPB reduced the viability to 55%, which was slightly greater than that of 4 µM positive control FAP-PP (40%). The PDT efficacy of FAP-PPB cannot be fully restored possibly because only about 70% of FAP-PPB was cleaved after 24 h of incubation in HEK-mFAP cells. This preliminary study clearly shows that our photodynamic molecular beacon FAP-PPB is potentially useful for selective treatment of epithelial cancers.
Discussion
We have successfully synthesized a new photodynamic molecular beacon (FAP-PPB) that is highly specific toward both human FAP and mFAP but not other proteases including DPPIV and a variety of MMPs. In vitro studies confirmed unequivocally its FAP-specific activation. For in vivo studies, intratumor injection of FAP-PPB directly into the FAP-expressing tumor showed a rapid activation and strong fluorescence signal within 5 min post-injection. HPLC analysis of tumor extract at 24 h post-injection confirmed that the beacon activation is mostly FAP-specific. In addition, preliminary PDT studies demonstrated that FAP-PPB's photocytotoxicity is also FAP-specific. Therefore, this FAP-PPB may serve as both a tumor specific diagnostic agent and a directed PDT agent.
There are a number of additional advantages to the FAPtriggered photodynamic molecular beacon approach. After being liberated extracellularly from the FAP-PPB by FAP cleavage, the Pyro-peptide fragment rapidly enters cells at the site of activation because of the high degree of lipophilicity and cell penetrating ability of the Pyro moiety, 32 with little release into the general circulation, thus minimizing distant side effects. This mechanism is supported by our ex vivo experiments (confocal microscopic study and H&E staining) showing that once the FAP-PPB is cleaved by the FAP in HEK-mFAP xenografts, the Pyro-peptide fragment is retained at the site of tumor and is distributed evenly in both the cancer cells and fibroblasts. Hence, PDT treatment on the tumor might initiate cytotoxicity of both the cancer cells and the surrounding fibroblasts, irrespective of whether the FAP-PPB is cleaved by FAP on the cancer cell (e.g., sarcoma) or on the CAFs of epithelial cancers. Such multicell-targeted cytotoxicity may further interrupt the signaling between fibroblasts and the adjacent cancer cells, resulting in synergistic cytotoxic effects.
One possible limitation of using FAP-PPB for epithelial cancer detection and treatment is no selective accumulation of FAP-PPB at the tumor site after the intravenous tail-vein injection. This is not surprising, as limited delivery efficiency following systematic administration is a common hurdle for many small molecule therapeutics. Recent advances in cancer nanotechnology might offer potential solutions to address this issue. 45 For example, a large number of FAP-PPB molecules can be encapsulated in single nanoparticles to shield them from circulation and to release them in a controlled manner into the extracellular tumor microenvironment through the passive enhanced permeability and retention effect. 46 An alternative approach is to use a tumor-targeting peptide to augment the local accumulation of FAP-PPB at the tumor sites. For example, Scheeren et al. has utilized a RGD peptide for targeting a plasmin-cleavable doxorubicin prodrug to the integrin receptors on tumor neovasculature. 47 Their approach has led to a synergistic effect in which both peptides act together to release active drug at the tumor site. We believe this approach could be adapted for the enhanced delivery of our FAP-PPB to the tumor microenvironment. In another alternative, Tsien et al. have introduced a new strategy for selectively delivering molecules to tumor cells based on protease-triggered local "unleashing" of cell-penetrating peptides. 48 The electrostatic attraction of such polycationic peptides with polyanionic peptides blocks their cell entry until the protease-mediated cleavage of the linker. We envision that this approach could be adapted to our FAP-PPB to accelerate cell entry speed of the Pyro-peptide fragment following the beacon activation, thus further delineating the margins between malignant and normal tissues.
Conclusion
A novel FAP-triggered photodynamic molecular beacon (FAP-PPB) has been successfully synthesized and characterized. It can be effectively cleaved by human FAP and mFAP in a specific manner with similar enzymatic activities. As revealed by flow cytometry and confocal microscopy, the probe can be activated in FAP-transfected cancer cells but remains silent in FAP-negative cells. The activation of FAP-PPB has also been validated in vivo using HEK-mFAP and HEK-vector xenografts. All the results show that FAP-PPB is highly specific to FAP and can serve as an excellent fluorescent probe for the detection of FAP, both in vitro and in vivo. In addition, FAP-PPB is photocytotoxic toward HEK-mFAP cells while it remains essentially non-cytotoxic toward FAP-negative HEK-vector cells. Therefore, this newly developed photodynamic molecular beacon is not only a specific probe for the diagnosis of FAPexpressing epithelial cancers but also a promising therapeutic agent for this kind of cancer. We envision that FAP-PPB may be potentially useful for fluorescence-guided surgery allowing completeness of resection by "extending the surgeon's vision" and/or with adjuvant PDT treatment to safely and effectively eradicate any postresection residual tumor cells and eliminate microscopic deposits.
